Lead (Pb) has long been recognized as a neurodevelopmental toxin. Developing blood-brain barrier (BBB) is known to be a target of Pb neurotoxicity; however, the underlying mechanisms are still unclear. Recent evidence suggests that intracellular nonreceptor protein tyrosine kinase Src regulates tight junctional proteins (TJPs). This study was designed to investigate whether Pb acted on the Src-mediated cascade event leading to an altered TJP expression at BBB. Rats aged 20-22 days were exposed to Pb in drinking water (0, 100, 200, and 300 ppm Pb) for eight weeks. Electron microscopic and Western blot analyses revealed a severe leakage of BBB and significantly decreased expressions of TJP occludin and ZO-1. When cultured brain endothelial RBE4 cells were exposed to 10M Pb for 24 h, expressions of phosphor-Src and an upstream regulator GRP78 were significantly increased by 6.42-fold and 8.29-fold (p < 0.01), respectively. Inactivation of Src pathway by a Src-specific inhibitor reversed Pb-induced downregulation of occludin, but not ZO-1; small interfering RNA knockdown of GRP78 attenuated Pb-induced Src phosphorylation and occludin reduction. Furthermore, Pb exposure caused redistribution of GRP78 from endoplasmic reticulum to cytosol and toward cell member. However, the data from immunoneutralization studies did not show the involvement of cell-surface GRP78 in regulating Src phosphorylation upon Pb exposure, suggesting that the cytosolic GRP78, rather than cell-surface GRP78, was responsible to Pb-induced Src activation and ensuing occludin reduction. Taken together, this study provides the evidence of a novel linkage of GRP78, Src activation to downregulation of occludin, and BBB disruption during Pb exposure.
Lead (Pb), as a widespread environmental pollutant, is known to cause a wide range of neurotoxic effects, including decreased intelligence quotient (Huang et al., 2012; Tong et al., 1998) , cognitive deficits (Boucher et al., 2012; Braun et al., 2012; Counter et al., 2009; Kuhlmann et al., 1997) , poor attention span (Bellinger et al., 1992; Calderón et al., 2001) , and increased aggression (Homady et al., 2002; Needleman et al., 1996) . The mechanisms underlying Pb-induced neurotoxicity are not fully understood. Both clinical and experimental studies suggest that the young subjects are more vulnerable to Pb-induced neurotoxicity (Bradbury and Deane, 1993; Devi et al., 2005; Guilarte and McGlothan, 1998; Pentschew, 1965) . The high susceptibility of the immature brain to Pb exposure could be attributed to the less effectiveness of the developing blood-brain barrier (BBB). In adults, Pb is a known BBB toxicant contributing to the etiology of Pb encephalopathy and certain neurodegenerative disorders (Struzyńska et al., 1997; Toews et al., 1978; Wang et al., 2007; Zheng, 2001; Zheng et al., 2003) . These data indicate that BBB dysfunction plays a critical role in Pb-induced neurotoxicity.
The BBB separates the blood from brain interstitial fluid. Brain capillary endothelial cells with tight junctions (TJs) between adjacent cells, astrocyte end feet, and pericytes within the capillary basement constitute the structural basis of the BBB. Under physiological conditions, the TJ complexes prevent materials from the paracellular passage into brain parenchyma. Proteins contributing to the TJs include occludin and claudins as well as junctional adhesion molecules (Wolburg and Lippoldt, 2002; Wolburg et al., 2009) . Occludin and claudins are linked to a number of cytoplasmic scaffolding and regulatory proteins such as ZO-1, ZO-2, and ZO-3, and cingulin (Abbott et al., 2006 (Abbott et al., , 2010 . Loss of tight junctional proteins (TJPs) has been linked to an increased BBB permeability (Prior et al., 2004; Wang et al., 2007; Willis et al., 2004) .
Occludin is the first identified protein in TJ strands. As a 60-kDa tetraspan membrane protein, occludin possesses two extracellular loops and a short intracellular turn, with the N-and C-terminal cytoplasmic domains (Furuse et al., 1993) . Occludin plays an important role in forming TJ strands and maintaining transendothelial electrical resistance (Furuse et al., 1996) . Studies in literature have established that occludin regulates paracellular permeability in BBB (Elias et al., 2009; Raleigh et al., 2011; Van Itallie et al., 2010) . Our previous data have shown that a decreased occludin level in rat brain following Pb exposure is accompanied with an increased permeability of brain microvessels to macromolecules (Wang et al., 2007) ; the observa-394 SONG ET AL. tion suggests that Pb-induced BBB breakdown may be due, in part, to the downregulation of occludin.
Numerous kinases, including Rho kinase, mitogen-activated protein kinases (MAPKs), and protein kinase C (PKC), are known to interact with the TJPs, thereby modulating TJ assembly, structural integrity, and functionality. However, how expression of TJPs at the BBB is regulated and if Pb exposure affects these proteins are unclear. The Src family kinases (SFKs) are nonreceptor protein tyrosine kinases that mediate the integrin signaling on the focal adhesion complex at the cell-toextracellular matrix interface. SFKs regulate a variety of cellular functions, such as adhesion, cycle progression, proliferation, and differentiation, and are thus associated with tumorigenesis and metastasis (Xiao et al., 2012) . SFKs have also been shown to regulate paracellular permeability via the modulation of occludin (Hardyman et al., 2013; Xiao et al., 2013) . Because Pb reduces occludin expression (Wang et al., 2007) , it became interesting to learn if Pb effect was a result of Pb interaction with SFKs-mediated TJP regulation.
Glucose-regulated protein of 78 kDa (GRP78, or BiP and HSPA5), located mainly in endoplasmic reticulum (ER), is known to transport newly synthesized polypeptides across the ER membrane and facilitate the folding and assembly of proteins as a molecular chaperone (Hendershot, 2004; Ni et al., 2011) . Evidence in literature shows that Pb exposure results in the overexpression and redistribution of GRP78 in rat glioma C6 cells as well as in bovine aortic endothelial cells; inside cells Pb binds strongly with GRP78 (Qian et al., 2000 (Qian et al., , 2005 Shinkai et al., 2010) . More recently, studies have shown that the ER stress is correlated with changes in the expression of TJPs in epithelial cells (Yoshikawa et al., 2011) . Given that GRP78 is a Pb-binding molecular chaperone and important in the ER stress, it was reasonable to hypothesize that Pb-induced BBB disruption may be partially related to Pb action on GRP78.
The purpose of the present study was to investigate (1) the impact of Pb exposure on the expression level of TJPs in BBB using an in vivo Pb exposure animal model, (2) the roles of GRP78 and Src in regulating TJPs expression, and (3) the interactions of Pb exposure with GRP78 and Src. The results from this study should help understand the molecular mechanisms underlying the Pb-induced BBB disruption.
MATERIALS AND METHODS
Pb acetate [Pb(AC) 2 ] was obtained from Sigma (Saint Louis, MO, USA). Alpha minimum essential medium (␣-MEM) with L-glutamine, Ham's F10 (H-F10) with L-glutamine, geneticin (G418), Penicillin-Streptomycin-Glutamine (PSG), and 0.25% trypsin-EDTA were purchased from Invitrogen (Carlsbad, CA, USA). Basic fibroblast growth factor (bFGF) was obtained from MACGENE (Beijing, China). All reagents were analytical grade, High-Performance Liquid Chromatography grade, or the highest pharmaceutical grade available.
Animals and exposure.
Male Sprague Dawley rats aged 20-22 days or 60-90 g at the time of experimentation were purchased from Fourth Military Medical University (Xi'an, China) and maintained at room temperature (22-24
• C) on a 12-h light/dark cycle in Plexiglas cages (three rats per cage), with food and water ad libitum. Thirty-six rats were randomly assigned to four groups to keep comparable average body weights in each group (n = 9 per group). The rats received 0 (as control), 100 g Pb/ml (part per million or ppm; low dose), 200 g Pb/ml (moderate dose), or 300 g Pb/ml (high dose) as Pb in drinking water for eight weeks. Sodium (Na) acetate (NaAC) with an acetate concentration equivalent to the high dose of Pb(AC) 2 was administered in the same manner and used as the control (n = 3). All procedures involving animals were carried out in accordance with the international standards of animal care guidelines (Guide for the Care and Use of Laboratory Animals) and were approved by the Institutional Animal Care and Use Committee of Fourth Military Medical University (Permit Number: 12001).
Blood Pb concentrations measurement. After decapitating, blood samples were collected into heparinized syringes. Aliquots of whole blood were used for measurement of blood Pb concentrations by graphite furnace atomic absorption spectroscopy and expressed as micrograms per deciliter (g/dL).
Tissue preparation for transmission electron microscopy (TEM). Three rats from each group were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneally). The heart was exposed and the left ventricles were perfused with 0.9% saline via a catheter through the artery, followed by perfusion with the fixative consisting of one part 4% lanthanum nitrate and two parts 6% glutaraldehyde-0.1M sodium cacodylate (pH 7.4-7.5), for 2 h. Brains were then isolated and cut into 1-mm pieces and laid on a glass slice. The isolated tissues were immersed in 4% glutaraldehyde for 2 h and washed twice with phosphate buffered saline (PBS). The tissues were immersed in 1% osmium tetroxide for 2 h and washed with PBS for 5 min. The specimens were then dehydrated with 50, 75, 90, and 100% acetone (10 min each). After being embedded for 2 h, the specimens were heated at 60
• C for 48 h. The sections were dyed with acetic acid uranium and Pb and were examined under TEM.
Brain microvessels isolation. Brain microvessels were isolated as described previously (Bernas et al., 2010) . Briefly, brain tissue was placed in a 100-mm dish containing isolation medium, and then the meninges and large vessels were removed using sterilized surgical forceps and a stereomicroscope. Fragmentation of tissue was carried out by repeatedly using sterile pipettes of 25 and 10 ml in size, until the samples were passed effortlessly back and forth through a 5-ml pipette. Samples were passed through a 500-m polyester screen for removal of large fragments. The fluid was filtrated through a 30-m polyester screen placed over a wire frame for support; the fragments retained on the screen were collected.
Cell culture. Rat brain microvascular endothelial RBE4 cells were cultured in 45% ␣-MEM, containing 45% H-F10, 10% fetal bovine serum, 0.03% G418, 1% PSG, and 1 ng/mL bFGF. Cultures were maintained in a humidified incubator with 95% air and 5% CO 2 at 37
• C. Trypsin-EDTA was used to digest cells during subculture. In some experiments, rabbit anti-GRP78 (Santa Cruz Biotechnology, Santa Cruz, CA) or nonimmune IgG (Santa Cruz Biotechnology) was included in the culture medium 12 h following the 48 h-treatment of Pb.
Cell viability assay. Cell viability was measured via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983) . RBE4 cells (1 × 10 4 cells per well) were seeded into 96-well microtiter plates. Following Pb treatment, an aliquot (20 l) of MTT solution (Sigma; 5 mg/ml in PBS) was added to each well, and plates were incubated for 4 h at 37
• C. The supernatant was removed and 150 l of dimethyl sulfoxide was added to each well. MTT metabolism was quantified, spectrophotometrically at 490 nm in a microplate reader (Infinite F200, TECAN, Switzerland).
Western blot. Monolayer cells were washed three times with ice-cold PBS followed by incubation (on ice for 10 min) in radio immunoprecipitation assay cell lysis buffer (Sigma) with PMSF (Sigma, Buch, Switzerland) and the protease cocktail (Sigma). After removal, cells were briefly sonicated and centrifuged (12,000 × g, 15 min). Postnuclear supernatants were analyzed for protein concentration using the bicinchoninic acid method. Protein samples were then boiled in Laemmli sample buffer (Sigma) and separated on a 12% tris-glycine gel via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 100 min, 100 V) and then transferred to polyvinylidene fluoride membranes (Millipore; 120 min, 4
• C, 250 mA). Membranes were then blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h. Membranes were incubated (overnight at 4
• C) with the primary antibodies (in blocking solution): rabbit anti-GRP78 (1:1000), rabbit anti-Phospho-Src (Tyr416; Cell Signaling Technology, Beverly, MA) (1:1000), mouse anti-Src (Santa Cruz Biotechnology) (1:500), rabbit anti-ZO-1 (Invitrogen) (1:125), or mouse antioccludin (Invitrogen) (1:250). After incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) (1:1000) (1 h at room temperature), the membranes were developed via enhanced chemiluminescence using Western blotting substrate (Pierce, Rockford, IL), and bands were visualized when exposed to film (Kodak). The integrated densities of each band on the film were quantified using the Image Lab software. Mouse anti-␤-actin (Santa Cruz Biotechnology) (1:5000) was used as the housekeeping protein for normalization.
Quantitative real-time polymerase chain reaction (qPCR).
Total RNA from cells was extracted using the TRIzol reagent (Invitrogen). The quality of RNA (A260/A280) was 1.8-2.0 for all RNA preparations. 0.5 g of total RNA from each sample was reverse transcribed to cDNA at 48
• C for 1 h using Moloney murine leukemia virus reverse transcriptase (Applied Biosystems, Foster, CA) (200 U). For qPCR analysis, the levels of mRNA were quantified by FastStart Universal SYBR Green Master (Rox) (Roche, Basel, Switzerland) in an ABI 7500 (Applied Biosystems) Real-Time PCR System. All amplification reactions were conducted in triplicate. Relative expression ratios were calculated by the C t method, where C t is the threshold cycle value (Pfaffl, 2001) . The glyceraldehyde phosphate dehydrogenase (GAPDH) housekeeping gene was used for normalization. We previously verified that amplification efficiencies of both target gene and endogenous reference were approximately similar by looking at how C t varies with template dilutions (data not shown).
The following primers were used in experiments: rat GRP78, sense, 5 -ACC ACC TAT TCC TGC GTC GGT-3 , and antisense, 5 -TGG CCG CAT CGC CAA TCA GA-3 ; rat GAPDH, sense, 5 -TGC CGC CTG GAG AAA CCT GC-3 , and antisense, 5 -AGC AAT GCC AGC CCC AGC AT-3 .
Small interfering RNA (siRNA) knockdown. siRNA transfection was performed according to instructions by manufacturer of the assay kit (GenePharma, Shanghai, China). Briefly, RBE4 cells (in 6-well plates) were approximately 40% confluent at the time of transfection. The cells were incubated with either siRNA duplexes against GRP78 or siRNA negative control in Opti-MEM (Invitrogen). The medium was replaced with fresh DMEM 24 h after the transfection. Cells were harvested for the determination of mRNA and protein levels 48 h following the siRNA transfection. The forward target sequence is: 5 -CCA GGA UGC AGA CAU UGA ATT-3 ; reverse target sequence: 5 -UUC AAU GUC UGC AUC CUG GTT-3 .
Immunocytochemistry for GRP78 and CD31. RBE4 cells (in 6-well plates) were seeded with a density of 2.1 × 10 5 per well on chamber slides and grown for 1-2 days, then treated with 10M Pb for 48 h. After treatment, cells were fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature, permeabilized with 0.2% Triton X-100 in PBS for 10 min on ice, and then blocked (30 min, room temperature) with 3% bovine serum albumin (BSA) in PBS and 0.02% Triton X-100. Cells were incubated (at 4
• C, overnight) with the primary antibodies, rabbit anti-GRP78 (1:1000), or mouse anti-CD31 (Abcam, Cambridge, MA) (1:400), followed by the secondary antibody (at 37
• C, for 1 h), Alexa Fluor 488 goat antirabbit IgG (Molecular Probes, Eugene, OR). Nuclei were stained with Hoechst (Sigma) (1:1000) for 20 min at room temperature in the dark. Mounting media was then added to each well of the chamber slides and covered with a coverslip. The slides were examined using fluorescence microcopy (Olympus BX51, Japan).
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Immunogold-silver cytochemistry. Monolayer cells were washed three times with PBS followed by digestion with 0.25% trypsin-EDTA for 8 min. Cells were collected into microcentrifuge tubes, followed by centrifugation (1000 × g for 10 min). Cell pellets were fixed with 4% PFA and 0.0125% glutaraldehyde in PBS for 1 h at room temperature, and then immersed in PBS containing 5% BSA, 5% normal goat serum (NGS), and 0.1% Triton X-100 for 3 h to permeabilize cell membranes and block nonspecific immunoreactivity. Cell pellets were incubated (at room temperature, overnight) with the primary antibody, rabbit anti-GRP78 (1:100), in PBS containing 1% BSA, 1% NGS, and 0.1% Triton X-100. Samples were incubated (at 4
• C, overnight) with antirabbit IgG conjugated with 1.4-nm gold particles (Nanoprobes, Stony Brook, NY) (1:100), then postfixed in 2% glutaraldehyde in PBS for 45 min. Silver enhancement was performed in the dark with the HQ Silver Kit (Nanoprobes) for visualization of GRP78 immunoreactivity. Immunolabeled samples were fixed with 0.5% osmium tetroxide in 0.1M phosphate buffer for 1 h, dehydrated in graded series of ethanol, then in propylene oxide, and finally flat-embedded in Epon 812 (SPI-CHEM, West Chester, PA). Ultrathin sections (50-70 nm) were cut with an ultramicrotome (EM UC6, Leica) and mounted on mesh grids (6-8 sections/grid). Sections were then counterstained with uranyl acetate and Pb citrate, and observed under a JEM-1230 electron microscope (JEOL LTD, Tokyo, Japan). Electron micrographs were captured by the Gatan digital camera and its application software (832 SC1000, Gatan, Warrendale, PA).
Biotinylation of cell surface protein.
Prior to biotinylation, cells (60-70% confluent in 6-well plates) were rinsed (twice) with chilled PBS. 0.5 mg/ml sulfosuccinimidyl-6-[biotin-amido]hexanoate (Thermoscientific, Rockford, IL) was added to the cell (1 ml/well), and plates were gently shaken at 4
• C for 30 min. Hundred millimolar Tris-Cl (pH 7.5) was added to stop the biotinylation reaction. The cells were rinsed (twice) with ice-cold PBS and then lysed with radioimmune precipitation buffer (1 × PBS, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS) for Western blot (to measure the total level of the targeted protein) or to isolate the cell surface proteins. For the latter, neutravidin-agarose beads (Thermoscientific) were added and mixed well with the lysate at 4
• C overnight. The beads were then washed five times with PBS buffer and cell surface proteins were released by the addition of 30 l 1× SDS-PAGE sample loading buffer, followed by heating at 100
• C for 8 min.
Statistical analysis. All data are reported as the mean ± S.D. from at least three independent biological samples. Statistical significance between multiple groups was performed using one-way analysis of variance (ANOVA) followed by two-tailed paired Student's t-tests to compare individual groups. Values of p < 0.01 were considered statistically significant.
FIG. 1.
Lead (Pb) exposure in vivo results in disruption of BBB and reduction of TJPs levels. Rats were exposed to drinking water containing 0 ppm (Con), 100 ppm (low), 200 ppm (mod), and 300 ppm (high) of Pb. Rat brains were perfused with lanthanum nitrate prior to tissue preparation for transmission electron microscopy. (A) Blood Pb concentrations significantly increased in a dose-dependent manner compared with controls. (B) TME analysis of lanthanum granule distribution in brains of rats exposed to drinking water containing 0-300 ppm of Pb. In the brain of the control rat, lanthanum granules were closely aligned with the endothelial membrane of cerebral capillaries and not found anywhere in brain parenchyma. In the brains of all Pb-treated rats, lanthanum granules were found in the areas of brain parenchyma near the capillary vessel. The arrows indicate the efflux of lanthanum granules from the cerebral capillary. Inset boxes were the high magnification of the areas that are marked with square lines. (C) Western blot analysis of the levels of ZO-1 and occludin in brain capillaries of rats after Pb exposure (top). The relative amounts of ZO-1 and occludin normalized to ␤-actin were shown (bottom). The asterisks depict a statistically significant difference (p < 0.01) with one-way ANOVA. Data shown are representative of three independent experiments.
RESULTS

Pb Exposure Increased BBB Permeability and Reduced Levels of TJ Proteins In Vivo
After rats were exposed to Pb in Pb-containing drinking water for eight weeks, the blood Pb concentrations were significantly increased in a dose-dependent manner as compared with those in controls (p < 0.01; Fig. 1A ). The BBB integrity was determined by TEM following perfusion with the fixative consisting of lanthanum nitrate. In control rats, lanthanum stains were visibly restricted within the capillary stria vascularis (Fig. 1B) . However, in Pb-treated rats, lanthanum particles passed through capillary basement membrane and entered the parenchymal area (Fig. 1B) . There appeared to be a dose-associated penetration of lanthanum particles into brain parenchyma, with the low-dose group having few particles and more extensive deposition of particles in parenchyma in rats exposed with higher doses of Pb in drinking water (Fig. 1B) .
Western blot analyses of ZO-1 and occludin in brain capillaries isolated from Pb-exposed and control rats revealed that in line with the increase in BBB permeability, Pb exposure caused a decreased expression of ZO-1 and occludin (Fig. 1C) ; this decrease was also associated with Pb-dose used in experiments. In brain capillaries of rats exposed to the low dose of Pb, only the expression of occludin was significantly reduced (Fig. 1C) . These results suggested that occludin appeared to be more sensitive than ZO-1 to Pb exposure, and in the condition of low dose, Pb may target occludin, but not ZO-1, to break the integrity of the BBB.
Pb-Induced Src Activation Caused the Reduction of Occludin
In Vitro Rat brain endothelium-derived RBE4 cell line was used in the subsequent studies to investigate a potential connection between Pb exposure, Src activation, and BBB damage. Cell viability assay demonstrated that among the concentrations used (2.5, 5, 10, 50, or 100M Pb), treatment with 10M or lower concentrations of Pb for 24 h or 48 h did not cause any significant reduction in cell viability (p > 0.05; Fig. 2A ). Therefore, 10M was chosen as a working concentration for Pb exposure in the following study. Western blot analyses showed that the Src phosphorylation (p-Src) was significantly increased in RBE4 cells treated with Pb for 6, 12, 24, and 48 h. The p-Src was at the highest levels in cells treated with Pb for 24 h (> six-fold increase). Meanwhile, the lowest total Src protein level was seen at 48 h following the Pb exposure (> seven-fold; Fig.  2B ). This could result from the feedback inhibition for cells' response to the overwhelming Src phosphorylation. To examine whether Src activation is linked to the reduction of TJPs, RBE4 cells were cotreated with a Src inhibitor dasanitib and Pb. Data in Figure 2C showed that inhibition of Src prevented the reduction of occludin but not ZO-1 in Pb-treated cells. These results suggested that Src activation was essential for Pb-induced decrease in occludin but not ZO-1.
Pb Exposure Activated Src Through Upregulated GRP78
GRP78 is a molecular chaperone in ER with an ability to bind with Pb. RT-PCR and Western blot analyses demonstrated that both mRNA and protein levels of GRP78 were increased in RBE4 cells treated with Pb for 6, 12, 24, and 48 h. Similar to the phosphorylation of Src, both mRNA and protein of GRP78 reached their highest levels in cells after exposure to Pb for 24 h (five-fold and eight-fold, respectively; Figs. 3A and B). To examine a potential linkage of GRP78 to Src activation, a loss-of-function strategy was used by knocking down GRP78 expression using the siRNA technique. Western blot analyses demonstrated that at least 80% of GRP78 protein expression was inhibited by siRNA transfection at 48 h (Fig. 3C) . Efficiency of GRP78 knockdown was confirmed by determining GRP78 mRNA levels by RT-PCR analyses (Fig. 3D) .
The GRP78-knockdown RBE4 cells were then treated with or without Pb and measured for Src phosphorylation. Data (Fig.  3E ) indicated that inhibition of GRP78 significantly diminished not only the basal but also Pb-induced Src phosphorylation, suggesting that the presence of GRP78 was necessary for Pbinduced Src activation.
Alternatively it was possible that the increased GRP78 mRNA and protein levels following Pb treatment could be due to Pb activation of Src. To test this hypothesis, a Src-specific inhibitor dasatinib was used in experiments. As shown in Figure  3F , blockade of Src by dasatinib did not significantly affect the induction of GRP78 in Pb-treated cells. Thus, these data indicated that Src activation seemed unlikely to be required for Pb-induced upregulation of GRP78; instead, the upregulated GRP78 was required for Src activation during Pb exposure.
Upregulated GRP78 Is Essential For Pb-Induced Reduction of
Occludin If Pb actions on Src and GRP78 were responsible to Pbinduced reduction of occludin, inhibition of Src activation by suppressing GRP78 expression would be expected to restore the levels of occludin in Pb-treated cells. To test this hypothesis, GRP78 siRNA-transfected RBE4 cells were treated with or without Pb to measure occludin expression. Western blot analyses revealed that Pb treatment caused a reduction in levels of occludin in the scramble siRNA group; this effect was overturned by downregulating GRP78 expression with its siRNA (Fig. 4) . In line with the finding that blockade of Src did not restore ZO-1 expression (Fig. 2) , knockdown of GRP78 also failed to restore the levels of ZO-1 in Pb-treated cells, suggesting that Pb exposure reduced ZO-1 expression by different mechanisms.
Pb Exposure Altered Distribution of GRP78
To explore how GRP78 regulates occludin through Src phosphorylation, we initially determined the distribution of GRP78 with immunocytochemistry. As expected, in control cells, GRP78 was distributed mainly in the cytosol near the nuclei where the ER is located as an extension of the outer membrane of the nuclear envelope. With Pb treatment, however, GRP78 was observed in the cytosol, markedly moving away   FIG. 4 . Silencing GRP78 with its siRNA attenuates Pb-induced reduction of occludin. Western blot analysis of GRP78, occludin, and ZO-1 in RBE4 cells treated with 10M of Pb for 48 h after transfection of GRP78 or scramble siRNA (left). A representative of three independent experiments is shown. The relative amounts of ZO-1 and occludin were normalized to ␤-actin (right). The asterisks depict a statistically significant difference (p < 0.01). (C) Pb-induced GRP78 delocalization in RBE4 cells. Cells were exposed to 10M of Pb for 48 h and then stained with anti-GRP78 and anti-IgG, which were conjugated to 1.4 nm gold particles. The arrows point to the localization of GRP78 in the ER and PM. (D) and (E) The ratios of fluorescence intensity of GRP78 located outside the ER (D) or in the PM (E) to total GRP78 were shown. The asterisks in (B), (D), and (E) depict a statistically significant difference (p < 0.01). Scale bar (A) = 20 m, (C) = 200 nm. Data shown are representative of three independent experiments. from the nuclei (Fig. 5A) . To quantify the distribution of GRP78 in Pb-treated and control cells, an oval was drawn along the nuclei to distinguish the area near the nuclei from that away from the nuclei. In Figure 5B , the top panel was a representative image of the control cells, and the bottom panel showed the qualification of GRP78 distribution in Pb-treated and control cells. Compared with the control group, Pb treatment increased the fluorescence intensity near and away from the nuclei by 1.6-fold and 2.1-fold, respectively (Fig. 5B) .
The effect of Pb exposure on GRP78 distribution was further examined by immunogold-silver staining. The cellular localization of GRP78 was monitored by electron microscopy. In control cells, only a minority of gold particles were localized outside the ER and in plasma membrane (PM); the majority of gold particles were found to be localized in the lumen of the ER. Consistent with the results of immunocytochemistry, in the Pb group, an increasing number of gold particles were found outside the ER, both near the nuclei and PM (Fig. 5C) . By quantitation, Pb elevated the percentage of gold particles located outside the ER and in the PM by 3.5-fold and 6.5-fold, respectively (Figs. 5D and E).
Cell-Surface GRP78 Was Not Required for Pb-Induced Src Activation
To quantify cell-surface-located GRP78 observed under electron microscopy, we used biotin to label surface proteins on RBE4 cells with or without Pb treatment. Streptavidin precipitation and Western blot analyses showed a negligible band of GRP78 protein in Pb-untreated, control cells, but a clear band of GRP78 with a 27-fold increase of its intensity in Pb-treated cells (Fig. 6A) . A complete absence of this band in the nonbiotinylated group demonstrated that surface GRP78 was not contaminated by nonsurface GRP78 (Fig. 6A) .
Surface GRP78 has been shown to bind with other proteins and trigger activation of signaling pathways (Ni et al., 2011) . To analyze whether cell surface GRP78 transduced signals to activate Src during Pb exposure, a functional neutralizing anti-GRP78 antibody was used to block GRP78 receptor (Philippova et al., 2008) . Unlike GRP78 siRNA, treatment of cells with anti-GRP78 did not abolish Pb-induced Src activation and GRP78 induction (Fig. 6B) . These data suggested that the receptor function of cell-surface-located GRP78 may not be necessary for Src activation during Pb exposure.
DISCUSSION
We have previously shown that Pb causes BBB leakage and decreases the levels of occludin in rat brains (Wang et al., 2007) . The work presented in this study further explored the mechanism by which Pb exposure causes BBB damage. In particularly, we found that (1) Pb exposure induced phosphorylation of Src in RBE4 cells, which may underlie a reduced expression of occludin after Pb exposure; (2) Pb exposure induced GRP78 expression, which may in turn activate Src; (3) Pb exposure al- tered the subcellular distribution of GRP78; but translocation of GRP78 to cell surface did not seem to be necessary for Pbinduced Src activation.
Previous studies have found that Pb exposure results in BBB disruption. However, the underlying molecular mechanisms were unclear. Some protein kinases, such as MAPKs, PKC, and SFKs, are suggested to regulate TJPs (Dörfel and Huber, 2012; Meyer et al., 2001; Xiao et al., 2011) . In this study, we provide the evidence that inactivation of Src resulted in a significant increase of occludin and reversed the Pb-induced downregulation of occludin level. These data suggest that phosphorylation of Src downregulates the expression of occludin, and Pb may downregulate occludin level in a Src-dependent manner. Unexpectedly, however, inactivation of Src resulted in decreased ZO-1 level and showed little effect on the Pb-induced ZO-1 downregulation. Data from other studies have demonstrated that Src kinase activity is required for both assembly and disassembly of TJPs in different epithelial cells, and Src phosphorylation regulates the expression of ZO-1 and occludin in the same direction (Basuroy et al., 2003; Meyer et al., 2001) . Our data clearly show that both Pb exposure and inactivation of Src by using its inhibitor decreased the levels of ZO-1. The SFKs consist of nine members of nonreceptor tyrosine kinases, i.e., Src, Lyn, Fyn, Lck, Hck, Fgr, Blk, Yrk, and Yes (Dörfel and Huber, 2012) . Aside from Src, other SFKs, such as Yes, have been demonstrated to regulate the assembly of ZO-1 (Nusrat et al., 2000) . A decreased total Src level, as observed in the current study, may attenuate the regulation of other SFKs on ZO-1 expression. Thus, Pb may decrease ZO-1 through an unknown mechanism, which was independent of Pb-induced Src phosphorylation. Future study is necessary to explore the roles of other SFKs in Pbinduced BBB breakdown.
Pb induces the expression of GRP78 in vascular endothelial cells (Yoshikawa et al., 2011) . The mechanism by which Pb activates GRP78 is thought to be the perturbation of Ca 2+ homeostasis; accumulating unfolded or malfolded proteins in the ER lumen could then trigger the unfolded protein response including induction of GRP78 at mRNA and protein levels. Consequently, the malfolded proteins could be recycled, refolded, or even degraded (Qian and Tiffany-Castiglioni, 2003) . Our data showed that both mRNA and protein levels of GRP78 were increased in RBE4 cells after Pb exposure, which is in good agreement with previous studies using other cell lines (Qian et al., 2000; Yoshikawa et al., 2011) . We also demonstrated that suppressing GRP78 expression with its specific siRNA attenuated Pb-induced Src activation and restored the expression of occludin in Pb-treated cells. These data reveal a novel role for GRP78 in reducing occludin during Pb exposure. Of note, in siRNA knockdown study, we observed a less profound reduction of occludin as compared with that in Src inactivation study using its inhibitor. This is likely due to different cell confluences at the time of Pb exposure between these two experiments. The cells in the siRNA knockdown and Src inactivation studies were grown for 48 h and 24 h prior to Pb treatment, respectively. Previous data have shown that only early exposure to Pb increases the leakage of the blood-cerebrospinal fluid barrier (Shi and Zheng, 2007) , indicating that Pb exposure may be less effective on altering occludin level in established TJs.
GRP78 is known to predominantly reside and function within the ER, whereas SFKs are localized at the vicinity of the TJs (Anderson and Van Itallie, 1995; Kim et al., 2009) . Pb exposure has been shown to induce compartmentalized redistribution of GRP78 in astrocytes (Qian et al., 2005) . In the present study, we observed a Pb-induced redistribution of GRP78 from ER to the cytosol and to the cell surface of vascular endothelial cells. Recent evidence reveals that GRP78 can exist outside the ER, and is involved in many biological processes (Ni et al., 2011) . A novel cytosolic form of GRP78 that lacks the ER signal peptide is predominantly present in leukemia cells (Ni et al., 2009) . Nuclear-and mitochondrial-abundant forms of GRP78 (as well as secreted forms) act in numerous cellular activities, including cell viability, signal transduction, and therapeutic targeting (Kern et al., 2009; Reddy et al., 2003; Ye et al., 2010) . Furthermore, a fraction of the GRP78 cellular pool can be translocated from the ER to the plasma membrane as a coreceptor (Delpino et al., 1998; Delpino and Castelli, 2002) .
Global profiling of the cell surface proteome has confirmed that GRP78 is exposed on the surface of tumor cells (Shin et al., 2003) . Through the formation of complexes with other proteins on the cell surface, GRP78 mediates tumor cell signal transduction (Al-Hashimi et al., 2010; Gonzalez-Gronow et al., 2006; Misra et al., 2006; Shani et al., 2008) . Interestingly, GRP78 is also expressed on the cell surface of proliferating endothelial cells (Davidson et al., 2005) . Glycosylphosphatidylinositolanchored T-cadherin is reported to be associated with GRP78 on the surface of vascular endothelial cells and, thus, GRP78 influences endothelial cell survival as a cell-surface signaling receptor (Philippova et al., 2008) . GRP78 also exists on the endothelial surface of atherosclerotic plaques and negatively regulates tissue factor-mediated initiation of the coagulation cascade (Bhattacharjee et al., 2005) . Results from the present study showed that under normal conditions, GRP78 was not expressed on the endothelial cell surface of brain capillaries; following Pb exposure, however, this protein was moved toward the cell surface. Similarly, thapsigargin (a highly specific inhibitor of intracellular Ca 2+ -transport ATPases) has been shown to induce the overexpression of GRP78 on the cell surface (Delpino and Castelli, 2002) . Although Pb or thapsigargin causes ER stress through inhibition of Ca 2+ -transport ATPases, ER stress is not required for cell-surface localization of GRP78 (Hechtenberg and Beyersmann, 1991; Zhang et al., 2010) . Thus far, the mechanisms of this phenomenon are still largely unknown (Ni et al., 2011) .
A recent study has shown that an antibody targeting GRP78 disrupts the cell surface Cripto/GRP78 complex and inhibits oncogenic Cripto signaling via cSrc/MAPK/phosphatidylinositol 3-kinase and Smad2/3 pathways (Kelber et al., 2009) . Our results showed that immunoneutralization of surface GRP78 did not significantly reverse the elevation of Pb-induced Src phosphorylation. Therefore, activation of Src pathway may not be necessarily related to the receptor-like role of GRP78 on cell surface, but rather is the consequence of some yet unknown GRP78-related intracellular regulatory pathways that are activated by Pb.
In summary, the present study demonstrates that Pb exposure induces GRP78 expression, leading to Src activation, and subsequent reduction of occludin level. These findings reveal a novel linkage from GRP78 upregulation to Src activation and finally to the downregulation of occludin with the ensuing BBB disruption. 
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